SUMMARY : This presentation is a review of the development in the fish muscle protein research, especially myosin. Species-specificity of fish myosin was classified into the following four categories.
INTRODUCTION
Fish as food, the most important portion would be muscle as protein resources. Myofibrillar proteins occupies the largest quantity of about 50-70% of total protein. Myosin, as a single protein, occupies about a half of it. Myosin molecule is composed of unique two structures; water soluble head termed subfragment-1 (S-1), in which ATP hydrolysis and actin binding sites locate, and rest of the structure of salt-soluble, a-helical long flexible tail termed rod in which myosin assembles to form filaments. To the very end of S-1 heavy chain (HC), two types of light chain (LC) components associate. Connecting S-i and rod constructs the neck structure. Rod portion is composed of two portions; water soluble subfragment-2 and salt soluble light meromyosin (LMM). The former supports the projected head from the thick filaments. The latter is a filament forming domain of myosin molecule. Myosin in myofibrils is in a filamentous form. Once myofibrils are dissolved in high-salt such as 0 .5 M NaCl, monomeric myosin attached to long F-actin filament to form arrow-head structure . Accordingly, "denaturation" is not a simple matter for myosin . Studies with myosin fragments or domains , ones with myosin, and ones with myofibrils or actomyosin are needed for a full understanding of "myosin denaturation" or "myosin stability".
Research on fish myosin started as early as 1950's, a very similar year when study on mammalian myosin research started . Fish myosin isolation was first recorded by Connell from Atlantic cod in 1954 , 1) and his series of paper showed the unstable nature of cod myosin readily forming aggregates during the storage in ice2) This would be the first mention of instability of fish myosin. His work was inherited to many Japanese muscle researchers, and many reports on the isolation, biochemical and physicochemical characterization of fish myosin have been accumulated. Study on the instability of fish myosin is still one of the major subjects. For examples, how fish myosin adapts to the low temperature, what are structural bases in the unstable nature of fish myosin, how the unstable nature of fish myosin is overcome, how the unstable nature affects the properties of products are in progress.
I reviewed the species-specific stability of fish myosin since Connell's study. Freezing stability Second effector would be freezing. Frozen storage of fish is an excellent way to maintain the freshness. Many researches on the freeze denaturation of fish muscle protein have done. A recent study on freeze denaturation of carp S-I showed that S-1 underwent less severe damage during a frozen storage with a slow aggregation. 27) This was basically true for myofibrils. 28) Unstable nature of fish myosin encouraged us to find stabilizing compounds as food additives. The most prominent ones and most widely used would be sugar (or sugar alcohol)29)
Stabilizing effect of sugars is concentration dependent and effectiveness was determined by the numbers of hydroxyl group in the structure. 30) Na-glutamate also strongly suppresses the thermal and freeze denaturation. 31) One of the most unstable fish species is would be walleye pollack. The isolation of pollack myosin required the inclusion of high concentrations of sorbitol or Na-glutamate in the buffer for preventing the denaturation. 9,32) Fish myosin could be directly prepared from fish muscle as Connell first reported. However, much easier method using myofibrils as the starting material was developed. The method contains salting-out with ammonium sulfate in the presence of Mg-ATP. 33) Salting-out is old-fashioned, but the method is still useful for the isolation of unstable myosin because sulfate very strongly stabilizes myosin. Myosin as filaments interacts with F-actin filament leading to a contraction which is accompanied by an accelerated ATP hydrolysis, actin-activated Mg-ATPase. Actin activation profile of myosin Mg-ATPase of fish was found to differ from species to species. Carp was a typical species whose myosin was strongly activated at low concentrations of F-actin exhibiting a saturated activation profile. Tilapia is an opposite one whose myosin was very weakly activated. Its activation profile rather resembled that with water-soluble S-1 . 40) These difference was proved to come from different filament forming ability of two species of myosin . Myosin that formed long and stable filaments was strongly activated , and myosin that formed short and fragile filament was weakly activated.
The shortest filament forming domain of myosin was isolated as the carboxyl terminal fragment of rod with a size of the 40 kDa . 41) Corresponding fragment was also isolated from tilapia , and its filament forming ability was compared with that of carp fragment . It was demonstrated that forming ability of the fragment from tilapia was intrinsically less than that of carp fragment.
42)
Filament forming ability of myosin reflected unique changes in the actin-activated Mg-ATPase upon heating of myosin.
Upon heating carp myosin, Ca-ATPase inactivation proceeded slowly, while actinactivated Mg-ATPase dropped very quickly. 43) On the other hand, Mg-ATPase activity for tilapia myosin rather increased upon heating. 44) These opposite effects of heating on carp and tilapia was well accounted for by the different effect of heating on the filament forming ability of two species of myosin. Heating damaged the filament forming ability of carp myosin, while improved the ability of tilapia myosin revealed by electron microscopic observation of the filaments formed.
Another filament formation related unique event was a significant enhancement of Mg-ATPase activity observed when myofibrils were heated. 45) This activation was explained by an altered filament structure accompanied by a loss of salt solubility.
Insolubilization of myosin filaments would lead to increase the possibility of attaching myosin head to F-actin, essential step for activation.
3) F-actin binding and stability
It is established that F-actin strongly stabilizes myosin upon binding. Generally, F-actin is much more stable than myosin explaining that the thermal stabilities of reconstituted actomyosin are all myosin species dependent.
However, a very important finding was made by Wakarneda et al. that F-actin in myofibrils is much more labile than myosin when exposed to high-salt.
Wakameda et al 46) extensively studied how salt concentration affects the thermal inactivation of myofibrils.
Their first finding was that ATPase inactivation rate (KD) for myofibrils gradually increased with increasing salt concentration, and reached to the maximal level at around 1 2 M NaCl. The maximal KD for myofibrils there was the same as that for myosin alone indicating that myosin in myofibrils lost the protection by F-actin under such conditions. This was accounted for by a selective denaturation of F-actin at high concentrations of salt. 47) The second finding was that salt concentration required for a loss of protection by F-actin was dependent on the species of fish. Moreover, an addition of pyrophosphate (PPi) lowered the salt concentration for F-actin denaturation. 48) When the medium contained ~mM PPi, 0.5M NaCI was high enough to cause F-actin denaturation indicating that F-actin was protected by myosin from salt denaturation. This would be the first statement of the mutual stabilization of F-actin and myosin. The another finding was that the extent of stabilization by F-actin achieved in low-salt medium depended on the species examined. Among fish species examined, white croaker myosin was most strongly stabilized, about 250 times. Cod myosin showed the smallest stabilization of about only 15 times. There was no correlation between the magnitude of the stabilization by F-actin and the specific thermal stability. This different extent of stabilization by F-actin was proved to be determined by myosin species by the hybridization experiments (Takahashi M & Konno K, unpubl. data, 1999).
Carp and walleye pollack were selected as species with large and small extent of stabilization by F-actin, respectively.
Myosin in walleye pollack myofibrils was cleaved into S-1 and rod, then pollack S-1 was replaced by carp S-1 separately isolated in the presence of Mg-ATP.
The hybrid specimen gave exactly the same stabilization as carp myofibrils did. Further studies are required what are the differences in the two species of S-1.
Very recently, an important finding was made. 49)
When carp myofibrils were heated, thermal denaturation of S-1 and rod portion proceeded differently. S-1 and rod denaturation profiles were further investigated for myofibrils from other species of fish. There was a great diversity in the S-1, rod denaturation profiles. Although rod portion is much stable than S-1 in a separated state, rod denaturation in carp and rainbow trout myofibrils was much faster than S-1 portion. On the other hand, rod denaturation in walleye pollack myofibrils was slower than S-1. When relative denaturation rate of rod to that of S-1 was referred to as the indicator for characterizing the denaturation mode, a close correlation was observed between the ratio and the extent of stabilization by F-actin in low-salt medium (Takahashi M & Konno K, unpubl. data, 1999). Therefore, S-1 portion determines not only the magnitude of stabilization by F-actin but also determined the myosin denaturation mode.
This specificity in the denaturation mode of S-1 and rod disappeared when myofibrils were heated in the medium containing KCl above 0.3 M, heated as actomyosin. A quick loss of solubility when heated in 0.1 M KCl was no longer detected for the dissolved myofibrils for all species of myofibrils examined. However, chymotryptic digestion of the heated myofibrils showed a production of large quantity of aggregated rod.
Aggregation profile was almost the same as the S-1 denaturation profile. As isolated rod never formed aggregates under the same conditions, it is certain that rod aggregation proceeded S-I denaturation as a determinant step. In the dissolved myofibrils, myosin is attached to F-actin at its S-i region with a monomeric tail. As long F-actin filament has great mass compared with that of monomer myosin, thermal energy applied would cause a movement of myosin tail. The movement would induce tangling of myosin molecule, especially in rod portion. When S-1 portion denatured in this form, aggregation at S-1 readily took place, and this subsequently induced rod aggregation (Takahashi M & Konno K, unpubl. data, 1999 
